A virtually identical cubical or cubane core structure appears to be a key commonality in several active homogeneous, heterogeneous and enzymatic water oxidation catalysts. We show that X-ray crystal structures of the CaMn 3 O 4 core of the water oxidizing complex of Photosystem II coincide remarkably closely with comparable structures in a range of non-biological Co or Mn-based homogeneous and heterogeneous water oxidation catalysts. Included amongst these are molecular Co 4 O 4 and Mn 4 O 4 cubanes, as well as Co and Mn spinels containing cubical arrangements. This observation supports the existence of an optimum structural element for water oxidation catalysis. It also offers a potential avenue for comparing and relating homogeneous, heterogeneous and enzymatic catalysis to each other.
Introduction
Catalysis science has, for at least 100 years, sought to conceptually connect the apparently disparate fields of enzymatic, homogenous and heterogeneous catalysis.
1-3 While these disciplines all involve a catalytic action, each has its own set of fundamental principles that appear to be unrelated to those of the other fields. The example of kinetics offers an illustration of the intellectual and physical distinctions that currently exist. Enzymatic kinetics has historically been formulated exclusively in terms of Michaelis-Menten behaviour, which is common in enzymes. However, such behaviour is much less widespread in non-biological molecular catalysts, so that the field of homogeneous catalysis has had to adopt a quite different formulation of kinetics. The kinetics of non-biological heterogeneous catalysts is typically unrelated to either of these; it involves expressions concerning occupancies of catalytic sites on 2-D surfaces. How, then, can catalysis in these disciplines be compared and related to one another? One way to address this question would be to find a structural element that serves as the catalytically active site for a particular reaction in any and all of homogeneous, heterogeneous and enzymatic conditions. Examination of its catalytic properties under these diverse conditions would then potentially allow one to compare catalysis in the different disciplines. Unfortunately, catalytic sites of this type are tantalizingly rare at present. Recent developments in the field of water oxidation catalysis open, however, a possible new avenue in this respect. In this work we note a remarkable similarity in the structures of several highly active enzymatic, heterogeneous and homogeneous catalysts of water oxidation. We also consider some potential implications for catalysis science.
Results and discussion
Structure and structural motif of the Photosystem II Water Oxidizing Complex
The most active and sustained water oxidation catalyst known is the Water Oxidizing Complex (WOC) of Photosystem II (PSII) that is found in photosynthetic organisms. The active site of this catalyst comprises a CaMn 4 O 4 cluster that is preserved in essentially all species. Several single-crystal X-ray structure determinations have been carried out on the PSII-WOC. The three most detailed structures are the London structure by Barber, Iwata and colleagues (which was resolved to 3.5 A), 4 the Berlin structure by Loll, Kern and co-workers (which was resolved 2.9 A), 5 and the Osaka structure by Umena, Kawakami, Shen and Kamiya (that was resolved to 1.9 A). 5 The locations of the surrounding amino acids were maintained roughly constant in this view. As can be seen, the CaMn 4 O 4 array appears to be shifted and twisted somewhat between the two structures. The inset in Fig. 1 depicts in a side-on view, the structural arrangement and motif of the CaMn 3 O 4 core, as it appears in ref. 4 .
To examine structural variations in the CaMn 3 O 4 core in the London, Berlin and Osaka structures, we superimposed the X-ray crystal structures of the cores in a dimensionally accurate way to achieve a best match, without regard for the location of the surrounding amino acids. 4 cluster from the Osaka structure. As can be seen, the core CaMn 3 O 4 sub-clusters are, to all intents and purposes, spatially and structurally identical in the three crystal structures. The only major difference is the location of the fourth, outlying Mn ion, which differs substantially in the London structure. The Osaka structure also contains an additional bridging O atom that links the core to the outlying, fourth Mn ion. An earlier, fourth X-ray crystal structure -the Hyogo structure -which was resolved to 3.7 A, exhibits an identical cubane core, with the fourth Mn still further displaced.
7
The active site of the PSII-WOC, analysed in at least four separate samples using the best available crystallographic technique, therefore clearly involves a so-called cubane, or (distorted/ pyramidal) cubical core structural arrangement in which a Ca ion caps a triangle of three Mn ions. Fig. 2(c) illustrates in schematic form, the structural motif of the core cubane array. Four oxygen atoms triply bridge the Ca/Mn ions.
Given the structural consistency of the core structure as illustrated in Fig. 2 (a)-(b), it is perhaps not surprising that recent computational studies have shown the London and Berlin CaMn 4 O 4 clusters to be energetically closely related. 8, 9 This can reasonably be anticipated to also be the case for the Osaka structure.
The lack of evolutionary and structural diversity in this core cubane arrangement implies that combinatorial biosynthesis in Nature has yielded only this one catalytic structure capable of facilitating sustained water oxidation catalysis.
This finding begs several questions. First, why should only this one structure exist to facilitate water oxidation catalysis in Nature? Second, if this cubane structure were present in a nonbiological species, would the non-biological species also catalyse water oxidation? In other words: what, precisely, is the fundamental relationship between the above cubane core structure and the facilitation of water oxidation catalysis?
In the last few years, several unrelated but apparently adventitiously parallel studies, have yielded a range of active non-biological water oxidation catalysts that offer possible answers to these questions. These species, which also involve cubane active sites, include both homogeneous and heterogeneous catalysts that facilitate active water oxidation at pH 7. In this work we will note and examine these instances, and also discuss the implications that arise in respect of catalysis science.
Co-phosphate water oxidation catalyst
One of the most widely cited recent water oxidation catalysts has been the Co-phosphate system described by Nocera and Kanan.
10,11 Studies have shown that this catalyst comprises of cubical arrays of the type depicted in Fig. 3(a) . 12 While initially believed to be a heterogeneous catalyst, it now appears that these arrays dissolve in open solution; they are therefore considered homogeneous catalysts.
11c As can be seen in Fig. 3(b) , the surface of the arrays involve an ''open-face'' checkerboard of puckered Co-O recesses and protrusions, each one of which individually forms half of an overall Co 4 O 4 cubane structure (Fig. 3(c) ). Multiple layers of such arrays stacked in a lattice would necessarily contain within them, an overall cubical Co 4 O 4 unit cell. The structural motif of this catalyst is therefore that of a cubane, albeit a Co-O not a Mn-O one. and Berlin 5 single-crystal X-ray structures of the core Mn 4 Ca cluster in the PSII-WOC. This view looks perpendicularly down from the Ca ion (yellow or orange atom) to the plane of the three core Mn ions (red or purple atoms). The yellow atom is the Ca ion and the purple atoms are the Mn ions as they appear in the London structure. 4 The orange atom is the Ca ion and the red atoms are the Mn ions as they appear in the Berlin structure. A resolution Osaka single-crystal X-ray structure 6 (blue atoms) upon the structures in (a) above. As can be seen, the cubical core CaMn 3 clusters in all three of the London, 4 Berlin 5 and Osaka 6 structures are spatially essentially identical. An additional bridging O atom connecting the outlying, fourth Mn ion is present in the Osaka structure. (c) The cubane structural motif of the core of the PSII-WOC. The structure of the B-site of the spinel is depicted in Fig. 4(a) . As can be seen, it comprises of a Co 4 O 4 cubane arrangement whose motif, shown in Fig. 4(b) , is identical to that of the Co phosphate catalyst in Fig. 3(c) and the PSII-WOC in Fig. 2(b) . Moreover, the surface of this heterogeneous catalyst necessarily comprises of a mixture of ''open-face'' A and B sites. Fig. 4 (c) schematically illustrates the surface features that derive from the B site. As can be seen, they involve puckered, half-cube Co-O recesses or protrusions whose structural motif is identical to those of the Co-phosphate catalyst in Fig. 3(b) . In subsequent studies, Dismukes and co-workers showed that UV illumination (l ¼ 350 nm) of 1 in the gas phase resulted in the ejection of a phosphinate ligand L to form the cationic species Mn 4 O 4 L 5 + . 15 This was followed by the spontaneous release of dioxygen, O 2 . Thus, 1 yielded dioxygen when illuminated with UV light in the gas phase.
15
The astonishing aspect of this reaction was that the quantum efficiency of O 2 release at 350 nm was found to approach 100%.
This can only be possible if 1 facilitates an extraordinarily efficient, light-induced, collision † between bound O-reactants that has an almost 100% chance of successfully generating O-O bonds.
15, 16 Virtually every encounter between reactant O-atoms that is brought about by the catalyst, must lead to O-O bond formation. That is, the step of O-O bond formation, which is known to be the most critical and difficult of the steps in water oxidation catalysis, must be remarkably efficient.
16
On the basis of this work and associated theoretical calculations, a mechanism of water oxidation was proposed, which is depicted in Scheme 1.
15 A critical first step in this mechanism is the photo-induced loss of one of the bridging phosphinate ligands L to form the uncapped open-faced cubane structure Mn 4 O 4 L 5 + 2. The conformational flexibility of 2 then allows the two Mn centres on the uncapped face to repel one another and, as . This mechanism of O 2 release has recently been subjected to a detailed computational investigation by Musaev and coworkers. 17 Their DFT study at the B3LYP/Lanl2dz level of theory confirmed that the key step of O-O bond formation from the uncapped cubane structure (2) to form the peroxo species (3), proceeds via a rate-determining barrier of around 120 kJ mol
À1
. This barrier appears to derive essentially only from the strain of conformation flexing, not from the thermodynamics of the O-O collision. † During this process, the two Mn centres on the lower face of the cubane are reduced from the 4+ to the 3+ oxidation state. Following this, the cubane structure undergoes significant flattening to form, first, a superoxo 
Water oxidation catalysis involving 1
In later work, Spiccia, Dismukes, Swiegers and co-workers ionexchanged cubane 1 + into a thin layer of Nafion deposited on a conducting surface.
18 When biased at 1.20 V (vs. SHE) and illuminated with sunlight, the 1 + /Nafion layer rapidly and readily catalysed the conversion of H 2 O into O 2 , with accompanying H 2 formation at the other electrode. 18 The catalytic effect, which was substantial and sustained, occurred at a voltage similar to that employed by the PSII-WOC, which is 1.25 V (vs. SHE).
The mechanism was proposed to be comparable to that in Scheme 1. That is, it was suggested to involve a light-induced release of a single phosphinate ligand to form an open face cube (2) in the Nafion, followed by a dis-assembly and re-assembly process in which the Mn 4 /Nafion has no light-harvesting system and can therefore not be nearly as vigorous a catalyst as the PSII-WOC, it was found nonetheless, to be one of the most active and durable man-made, homogeneous water oxidation photocatalysts. 19 The Nafion support appeared to be critical insofar as it may:
19,20 (a) facilitate the transport of H + products away from the reaction, and (b) trap 1 + in its hydrophobic pockets during the proposed assembly-disassembly process during turnover.
In subsequent work, 1 + /Nafion was adapted to operate in a free-standing, water-splitting dye-sensitized solar cell. The cell was free-standing because it did not need an externally applied potential to operate. 21 The photoanode of the cell was prepared by attaching a Ru(II) dye, [Ru II (bipy) 2 (bipy(COO) 2 )] (bipy ¼ 2,2 0 -bipyridyl), onto a titania-coated FTO conductive glass electrode, followed by overcoating with a thin Nafion membrane into which 1 + was introduced by ion-exchange. 21 Upon illumination with visible light while immersed in water and connected to a Pt counter electrode, the resulting photoanode spontaneously oxidized H 2 O to release O 2 gas and protons to solution. An electrical current simultaneously flowed through the external circuit, to reduce protons in the solution to H 2 at the other electrode. Thus, the cell spontaneously split water into O 2 and H 2 upon illumination with light; no other energy source was needed.
Despite being far from optimized, the cell generated a potential of 0.6 V in air, was active under illumination of up to l < 625 nm, and achieved an IPCE of 1.7% at l ¼ 450 nm. 21 There was no need for an externally applied voltage to drive the system because the oxidized Ru III form of the photoanode dye that is created by absorption of a photon, and the reduced form of the cubane catalyst 5 that is created by O 2 release, mutually cycle each other during turnover. 21 This photoanode arguably represents a functional analogue of the PSII-WOC. 17, 20, 21 Like the earlier-mentioned Co-phosphate catalyst, the 1 + /Nafion system is Birnessite has a layered structure that comprises stacked, 2-D strata of hetero-ions (which may be Ca, Mg, K, and the like) interleaved with 2-D extended Mn-O sheets. 25 Birnessite has previously been hypothesized to be the evolutionary origin of the PSII-WOC. Fig. 6(b) shows the atom connectivity of these sheets. As can be seen, they comprise puckered, half-cube Mn-O recesses and protrusions that are distinctly similar to those depicted in Fig. 3(a) and Fig. 4(c) . The structural motif of birnessite is, consequently, also a cubane, being identical to that of the PSII-WOC ( Fig. 1 and 2) , the Co-phosphate Co 4 O 4 catalyst (Fig. 3) , the B-site of nanoparticulate Co 3 O 4 spinels (Fig. 4) and the Mn 4 O 4 cubane model complex 1 (Fig. 5) .
l-Mn 2 O 4 spinel water oxidation catalyst
In recent work, Dismukes and co-workers have shown that, while the AB 2 O 4 -type spinel LiMn 2 O 4 , is inactive in the facilitation of water oxidation, it becomes a highly active catalyst when the Li + ion is removed from the A-site. 27 The remaining lMn 2 O 4 contains a Mn 4 O 4 cubane structure in its B-site. 28 Fig. 7(b) shows the atom connectivity of the B-site within the bulk spinel lattice. As can be seen, the B-site displays a cubane structural motif. Fig. 7(c) shows the features that are present at the surface of the spinel due to the B site. These are puckered Mn-O half-cubes; their similarity to surface features in previous figures is unmistakable.
The key property of this spinel is that it displays no catalytic activity whatsoever when Li ions are present in the A-site. However, when the Li ions are removed, freeing up the shared m 3 -O atoms in the B-site for motion, it becomes a highly active catalyst. 27 Thus, it appears that introducing enhanced motion in the m 3 -O atoms of the surface B-sites, may create the catalysis.
27
This effect seems similar to that created in 1 by the loss of a single capping ligand to yield a flexible open face during turnover.
19
That is, it may involve a dis-assembly and re-assembly process in which the Mn 4 O 4 cubane structure at the surface of the catalyst is broken up by m 3 -O collision across the face, yielding O 2 , and then re-assembled by incorporation of two, new H 2 O molecules in PCET processes (with accompanying loss of 4 H + and 4 e À ). Such a scenario potentially also explains why the nanoparticulate Co 3 O 4 spinel of Frei and co-workers 13 is so disproportionately more active than its microparticulate counterpart. The extent of motion by atoms in a nanoparticle lattice can reasonably be expected to be greater than in a microparticle lattice. This is because the lattice contains fewer atoms in total and must therefore be less rigid. Surface defects, which are also more prevalent in nanoparticles, would, arguably, amplify this effect. Enhanced oscillatory, thermal motion by the bridging m 3 -oxo atoms within the constraints of the crystal lattice may therefore potentially explain the anomalously high catalytic rate per surface Co ion in the Co 3 O 4 nanoparticles relative to the equivalent microparticles.
It has long been recognized that defects and vacancies play a critical role in the surface activity of heterogeneous catalysts. One reason for this, at least in these solid-state water oxidation catalysts, is now implied to be because they allow for greater motion in the surface atoms of the catalyst.
Polyoxotungstate water oxidation catalyst
A final, potentially notable homogeneous water oxidation catalyst is the complex of Hill and co-workers', [Co 4 (H 2 O) 2 (PW 9 O 34 )] 10À 6. 29 This species comprises of the core depicted in Fig. 8(a) stabilized by oxidatively resistant bulky polyoxotungstate ions. The complex undergoes dynamic self-assembly in water to yield the highest recorded turnover frequency of any abiological catalyst for catalytic water oxidation (>5 s À1 at pH 8). While the mechanism of catalysis by 6 is unknown, its core structural motif in the solid state is, effectively, a cubane, being identical to the cubical structures in Fig. 3(b) , 4(c), 5(b), 6(b) and 7(b).
The self-assembling character of 6 is consistent with the presence of a library of possible component structures in solution. This could theoretically include open-faced arrangements.
The physical structure of the core of 6 in the solid state is remarkably similar to the structure of the PSII-WOC. To show just how closely related these species are, Fig. 8(b) superimposes in a dimensionally accurate way, the X-ray structure of the core of 6 upon the London structure of the CaMn 3 O 4 core of the PSII-WOC from Fig. 2(a) . As can be seen, the core structures are virtually co-incident. The outlying, fourth Mn ion in the London structure of the PSII-WOC inadvertently also happens to overlap with the fourth Co in the core of 6; this is not true for the Berlin and Osaka structures.
An apparent convergence in the structures and structural motifs of water oxidation catalysts
The species discussed above represent some (albeit not all) 30 of the current ''state-of-the-art'', high-performance, abiological homogeneous and heterogeneous catalysts of water oxidation at pH 7. They also display an astonishing and noteworthy structural coincidence with the CaMn 3 O 4 core of the PSII-WOC as revealed by X-ray crystallography. Fig. 9 and 10 illustrates the extent of this similarity. Fig. 9 (a) superimposes in a dimensionally accurate way, the Xray structures of the cores of 6 and the London PSII-WOC in Fig. 8  (b) , upon the structure of the Co-phosphate catalyst in Fig. 3(a) .
In Fig. 9(b) , the CaMn 3 O 4 core of the London structure of the PSII-WOC is superimposed upon the sheet structure of birnessite illustrated in Fig. 6 .
In Fig. 10 As can be seen in Fig. 9 and 10, in all cases there is an astonishingly close match of the core of the non-biological homogeneous and heterogeneous catalysts with the Mn 3 O 3 portion of the core of the PSII-WOC. In most cases, they are effectively indistinguishable. Table 1 lists a statistical goodness-of-fit comparison of the positional overlays shown in Fig. 8-10 . The comparison comprises a root mean square (RMS) measurement of consistency in three metals and their bridging O. As can be seen in Table 1 , there is statistically very little variation in the depicted structures. Indeed, the high-resolution Osaka structure of the PSII-WOC is statistically more closely coincident with most of the non-biological catalysts than it is with the London structure of the PSII-WOC. In other words, there is more variation within the X-ray structures of the PSII-WOC than there is with most of the non-biological catalysts. Table 2 lists several pertinent bond angles and lengths in the respective structures in Fig. 8-10 . The extent of similarity is, again, notable. For example, with few exceptions, the M-O bond lengths about the central m 3 oxygen in the above species fall in the range 1.82-1.94
A; the O-M-O bond angles lie about 82-87 . Thus, there appears to be something of a convergence in both the structural motifs as well as major elements of the actual physical structure in these homogeneous, heterogeneous and enzymatic catalysts of water oxidation. /Mn 2+ ions taking up water molecules to dynamically re-assemble the catalyst with accompanying release of H + + e À in PCET steps. The PSII-WOC also harnesses PCET steps and has been proposed to utilize an open face that is formed during conformational flexing of the enzyme. 8, 9, 32 Water molecules are thought to bind, bridge and exchange at the open face, after which continuing conformational change is proposed to bring them into reactive contact with each other.
These apparent commonalities in an otherwise disparate and unconnected range of homogeneous, heterogeneous and enzymatic catalysts are remarkable. Studies appear to be confirming the findings of combinatorial bio-synthesis regarding the utility of the cubane structure in water oxidation catalysis.
Implications of the commonality -an optimum approach trajectory?
These results answer one of the two questions that were raised at the beginning of this article, namely the question as to whether a non-biological species which contains a cubane structure similar to that of the PSII-WOC, would display water oxidation catalysis? We can now definitively answer ''yes'' to that question for both homogeneous and heterogeneous forms of abiological catalysis, with the apparent provisos that:
(1) the cubane structure involves four Co or four Mn ions bridged by four m 3 -O atoms, or it comprises an open-faced cubical subset thereof, (2) an open face exists in the cubane structure during at least one point of the catalytic cycle. It may further be necessary that this open face be framed, either directly or indirectly, by two Co or Mn ions in the 4+ state, and (3) the relevant m 3 -O atoms may require sufficient freedom of motion within the constraints of the cubical molecular or lattice structure. This motion may be either conformational motion in molecular, homogeneous systems, or oscillatory thermal motion in extended, heterogeneous systems.
While this answers the above question, it also raises a new question: why should a cubane structure on the surface of a heterogeneous catalyst display activity that is qualitatively similar to a cubane structure in the molecular framework of a homogeneous catalyst and to a cubane structure in the proteinaceous framework of an enzymatic one?
This query is relevant to the second of the two questions posed at the beginning of this article, namely: why does only one structure -a cubane structure -facilitate water oxidation catalysis in biology? We can expand that question to ask: why does a cubane structure facilitate water oxidation catalysis in biological enzymatic species as well as non-biological homogeneous and heterogeneous species?
We cannot definitively answer this important question at present. However, it is clear that all of these catalysts must share a common fundamental attribute that favours catalytic water oxidation. 33 One possible attribute is that all of these species employ a common approach trajectory in the way that their bound oxo-reactants combine to form O 2 .
33
For any transformation involving two reactants coming into contact and reacting with each other, there will generally be only one optimum approach pathway. That is, there will be one ideal trajectory in space along which the reactant atoms must approach 
In the case of water oxidation yielding O 2 , we have a possible indication of such an optimum pathway from the earliermentioned O 2 evolution studies on 1 in the gas phase under UV light. 15, 17 In that work it was found that two opposing, bridging m 3 -O atoms approaching each other and coming into contact across an open face of the cubane (framed by Mn 3+/4+ ions), yielded O 2 with essentially 100% certainty (according to the quantum efficiency measured for 1 in the gas phase under 350 nm illumination).
15,16
This mechanism, which on the basis of calculations is viable for 1, 17 is also attractive for most of the other catalytic systems discussed here. Thus, all of the extended cubane structures possess open faces (or surfaces) in which the tri-m-oxo bridges between the Mn or Co centres appear to have sufficient freedom of motion to approach and come into contact with one another.
This potentially predisposes these systems to O-O bond formation in a manner similar to that described above for 1. Moreover, it concurs with the studies on the l-Mn 2 O 4 spinel and Co 3 O 4 spinel described above, which suggest that freedom of motion in the m 3 -oxo bridges of those species may be critical to the catalytic effect.
15, 27 In other words, whereas two tri-m-oxo species are brought into reactive encounter across the open face of 1 by the conformational flexing of the cubane structure (Scheme 1), they may, in the solid-state catalysts, be brought into collision across the open face (or surface) by oscillatory thermal motion. Such a mechanism would, furthermore, be consistent with earlier studies showing that the Co ions in the Co-phosphate catalyst and Co 3 O 4 spinels cycle through 4+ intermediates during water oxidation catalysis.
11,14 This analogy could potentially also extend to the PSII-WOC in that computational studies 8, 9, 32 have indicated that the substrate waters may be accommodated in the cleft region formed between the Ca and the two Mn centres at the open face of the CaMn 3 O 4 cubane structure.
Thus, it seems possible that the fundamental relationship between the cubane structure and water oxidation catalysis may lie in the fact that the cubane structure constrains its bridging m 3 -O atoms to approach each other along a pathway which has an apparent near-100% likelihood of reaction.
33
This would explain why the cubane structure leads to catalytic activity in heterogeneous and homogeneous, as well as enzymatic forms. It also offers a plausible explanation for why combinatorial biosynthesis has led to a cubane active site in the PSII-WOC: the cubane may be the most efficient structure for creating O 2 from reactant O atoms that derive from water.
Disclaimer: further studies are needed
In conclusion, we should note that any inferences regarding the structural similarities described above must be considered tentative at this stage. There are still too many uncertainties regarding, for example, the possibility of radiation-induced reduction of the Mn ions in the X-ray structures of the PSII-WOC. Lower oxidation state clusters may, conceivably, better represent the actual enzyme data. As noted in Table 2 , minor errors were also found in the original data for some of the X-ray crystal structures.
Similarly, water oxidation is known to occur by several different catalytic mechanisms, 34 of which the above proposal is only one. A range of catalysts with radically different structures to a cubane (CSD v 2.4, 2010) . 31 Boldface numbers indicates measurements involving the central m 3 oxygen. Where more than one cubane motif is present, only one is reported for brevity as the differences are very small (last decimal place). Errors can be found in the original crystallographic data
are also active in water oxidation catalysis. 30 The fact that a cubane structure may facilitate a particularly efficient catalytic reaction step does not mean that such species will necessarily generate the highest overall activity. Overall catalytic activity may be influenced by numerous other factors, including, for example, binding affinity for the reactants and products, as well as the vigour of conformational or oscillatory thermal motion.
A proper consideration of the catalytic mechanisms of the above catalysts requires a detailed comparison of their electronic as well as their structural similarities. Such a study is beyond the scope of the present work. Previous workers have examined this issue in only an incidental way. Thus, Sun and co-workers have performed plane-wave DFT studies 35 on the release of lattice oxygen from birnessite, which is of relevance for catalytic cycles involving the release or incorporation of oxygen. The thermochemistry indicated that radical oxygen release is the preferred mode of oxygen vacancy formation. However, oxide release becomes somewhat less energetically unfavourable in highly negatively charged lattices. Planewave DFT studies examining the band gaps and band structures of the MnO 2 sheets in the birnessite structure have also been reported by Kwon et al. 36 Musaev et al. have performed DFT studies 37 on the tetra-ruthenium analogue (as well as four oxidized variants thereof) of the polyoxotungstate complex 6. Solvent corrections were employed to compensate for the highly anionic character of the species investigated (total charges ranging from À6 to À10) that are normally quenched in the solid state by rubidium and potassium counterions. Sartorel et al. have also performed computational studies 38 on the ruthenium polyoxotungstate cluster and drawn a strong connection between this core complex and the water oxidising complex of PSII, exploring an analogous five-state redox cycle in the catalyst.
